The biological wastewater treatment using aerobic granular sludge is a new and very promising method, which is predominantly used in SBR reactors which have higher volumetric conversion rates than methods with flocculent sludge. With suitable reactor operation, flocculent biomass will accumulate into globular aggregates, due to the creation of increased substrate gradients and high shearing power degrees. In the research project described in this paper dairy wastewater with a high particle load was treated with aerobic granular sludge in an SBR reactor. A dynamic mathematical model was developed describing COD and nitrogen removal as well as typical biofilm processes such as diffusion or substrate limitation in greater detail. The calibrated model was excellently able to reproduce the measuring data despite of strongly varying wastewater composition. In this paper scenario calculations with a calibrated biokinetic model were executed to evaluate the effect of different operation strategies for the granular SBR. Modeling results showed that the granules with an average diameter of 2.5 mm had an aerobic layer in between 65-95 mm. 
INTRODUCTION
Biological wastewater treatment using aerobic granular sludge is a new and very promising approach to overcome the principal limitations of the activated sludge process.
Implementing specific reactor operating conditions (i.e. operating a sequencing batch reactor (SBR) for enhanced nutrient removal, applying high hydrodynamic shear forces and using selective sludge wasting), an originally flocculent activated sludge will grow into spherical sludge aggregates (granular sludge). The research project described in this paper was investigating the possibilities of treating dairy wastewater with a high content of particulate substrates in an aerobic granular sludge SBR. Up to now modelling doi: 10.2166/wst.2008.486 information on the degradation of particle rich wastewaters can only very rarely be found in literature (De Kreuk et al. 2007 for municipal wastewater based on the work of Murnleitner et al. 1997; Lü bken et al. 2004 for malting house wastewater based on ASM 3 (Gujer et al. 1999) ).
Results are mainly presented for soluble substrates (e.g. Beun et al. 2000) . The dynamic model used here was excellently able to simulate the degradation of particulate wastewater substrates from a real wastewater in a granular activated sludge bed, describing typical biofilm related mass transport and conversion processes such as diffusion or substrate limitation in detail. Anyway, this paper is giving detailed information how to optimize SBR reactor operation. Literature values that are documenting optimal granular sludge reactor operation differ significantly. Sometimes data for optimal operation is difficult to interpret as different operation strategies are not tested, substrate composition is not completely analyzed, substrate limitations are not investigated, diameters of the granules are not measured and turnover rates are not compared with the active biomass.
Here, a calibrated mathematical model is used generate valuable information for better reactor operation and to reveal optimal reactor operation. The following parameters are investigated in detail in this research:
Granular sludge diameter
Granula sludge diameter is documented to be within the range of 1 to 5 mm (Beun et al. 1999: 3.3 3-5 mm). Although thicker granules may lead to substrate limitations within the granule the effect of granule density must be considered. Finding the optimal diameter can supported by mathematical simulation. 
Oxygen concentration in the bulk

COD fractions
From the modeling point of view and also in practical experiences the composition of COD has a great influence on carbon and nitrogen removal but also on the biomass composition especially when establishing aerobic granules.
For particle-rich wastewater Schwarzenbeck et al. (2004) describe the importance of protozoa especially during the growth of the granular sludge. The detailed modeling of protozoa would be an important task as Morgenroth et al. 
MATERIAL AND METHODS
Laboratory plant
The SBR reactor was fed with dairy wastewater and run cyclically by Schwarzenbeck et al. (2005) . The changes in wastewater composition were extremely strong. During the simulation periods, the COD concentrations ranged from 1,800 to 3,600 mg/l, N total from 1 to 160 mg/l, and TSS from 80 to 900 mg/l. The MLSS concentrations in the reactor changed from 3.8 to 6.2 g/l, in the effluent even from 400 to 1,600 mg/l. The amounts of ammonium, nitrate, nitrite, total nitrogen, total phosphorous, and COD were determined spectro-photometrically with the Dr. 
Mathematical model
The model developed to simulate the treatment of dairy wastewater in an aerobic granular sludge SBR was implemented in the software AQUASIM (Reichert 1998 
The fraction of easily degradable COD (S S ¼ 20%) was confirmed in respiration measurements. The aerobic thickness of the granula was calculated according to Equation 1.
Assuming that oxygen is the first substrate to be consumed, it is possible to approximately calculate the minimum penetration depth of oxygen into the granules. 
RESULTS AND DISCUSSION
Modeling results showed that the aerobic layer of the granules was between 65-95 mm depending on the changing oxygen concentrations in the SBR in between 0 to 9 g/m 3 . The average total diameter of the granules was measured at 2.5 mm. Below the aerobic layer, anoxic 
Process optimization
In the following different scenarios were calculated concerning their effect on the system behavior. Table 2 summarizes the results for COD and nitrogen removal for different oxygen concentrations, temperatures, easy degradable COD concentrations and volumetric loading rates.
Furthermore the effect of the granule diameter and the thickness of the aerobic layer were investigated. In general the effect of different operation conditions on nitrification and denitrification rates is lower than in municipal wastewater as both ammonia and nitrate concentrations via nitrification are lower than for typical municipal wastewater.
Effect of oxygen concentrations
Nevertheless it can be seen that for better nitrogen removal-if the metabolism of the biomass is modeled in detail-the oxygen concentrations should be lower than during the measurement phase (9 g O2 /m 3 ). Simulation revealed ideal conditions for nitrate removal at oxygen concentrations of 5 g O2 /m 3 . Oxygen is penetrating via diffusion to a minor degree into deeper zones of the granules. As a result anoxic zones increase. Figure 2(a þ b) shows the effect of higher oxygen concentrations on the dynamic course of the reactor operation. Lower oxygen Effect of the easy degradable COD fraction and the COD volumetric loading rate
Both, higher quantities of easy degradable COD and higher volumetric loading rates result in better nitrogen removal.
This can be seen in Table 2 for the average COD and denitrification rates as well as in Figure 3 (b þ d). The change of the easy degradable COD fraction S S has no effect on nitrification. If the easy degradable COD fraction is increased to 30% of total COD, nitrogen removal improves by 20 -30% at peak loadings. A similar effect on nitrate removal as with the increase of the fraction of easy degradable COD can be found with higher loads of total 
CONCLUSIONS
In the research project described in this paper dairy wastewater with a high particle load was treated with to 108C resulted in an increase of peak nitrate effluent concentrations of 70%.
